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Abstract 
Hemoglobin (Hb) is an important component of red blood cells. The primary function of Hb is to transport oxygen 
from the lungs to the body tissues and to carry carbon dioxide back to the lungs from the body tissues. The Hb 
concentration in human blood is an important parameter in evaluating the physiological status of an individual and 
an essential parameter in every blood count. Currently, invasive methods are used to measure the Hb concentration, 
whereby blood is taken from a patient and subsequently analyzed. Apart from the discomfort of drawing blood 
samples, there is often a substantial delay between the blood collection and its analysis in the laboratory. This 
process delay does not allow real-time patient monitoring in acute situations. However, the herein described non-
invasive method allows pain free continuous on-line patient monitoring. The real-time monitoring of Hb facilitates 
immediate clinical reaction if necessary. 
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1. Introduction 
In order to more fully evaluate the physiological condition of an individual, it is essential to measure diagnostic 
parameters such as oxygen saturation (SpO2), hemoglobin (Hb) concentration and pulse. The Hb concentration in 
human blood is an important parameter to evaluate the physiological condition of the individual. Using Hb 
concentration information, anemia (a low hemoglobin level), and polycythemia vera (a high hemoglobin level), can 
be diagnosed and monitored. Furthermore, it is possible to observe postoperative bleeding and autologous 
retransfusions by monitoring the hemoglogin level. Currently, invasive methods are used to measure Hb 
concentration. For this purpose a blood sample is taken and analyzed in a laboratory. The disadvantage of this 
method is that there is a delay between the blood collection and its analysis, which does not permit real-time patient 
monitoring in critical situations. A non-invasive method allows pain free online patient monitoring with minimum 
risk of infection, as no needles are involved. Real-time data monitoring allows for immediate clinical reaction to the 
measured data. The absorption of whole blood in the visible and near infrared range is dominated by the different 
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hemoglobin derivatives and the blood plasma which mainly consists of water [1]. It is well known that pulsatile 
changes of blood volume in tissue can be observed by measuring the transmission or reflection of light through the 
blood volume. This diagnostic method is known as photoplethysmography (PPG). The authors have developed a 
novel optical sensor system that uses three wavelengths of light for the simultaneous measurement of Hb 
concentration, SpO2 and pulse. This non-invasive multi-spectral measurement method is based on radiation of near 
monochromatic light, emitted by Light Emitting Diodes (LED) in the range of 600nm to 1400nm, through an area of 
skin on the finger. This new method uses the water absorption coefficient above 1150nm to facilitate the calculation 
of total haemoglobin concentration. The Hb/SpO2/Pulse sensor developed for this research is fully integrated into a 
wearable finger clip. Furthermore, the sensor is designed to support full wireless operation by use of an on board 
miniature wireless enabled microcontroller.  
2. Measurement Method 
The principle of the measurement is based on the fact that there is a substantial absorption/transmission 
difference for light in the  red and near infrared region between oxygenated (HbO2), reduced hemoglobin (HHb), 
and blood plasma (which exhibit optical properties similar to water) [2], see Figure 1.   
Fig. 1.  Blood transmission spectra with different Hb concentrations and oxygen saturations  
Absorption in blood due to water is very distinct near the infrared spectrum for wavelengths above 960 nm 
[REF]. If the hemoglobin concentration of blood decreases, the plasma concentration in blood increases, and 
subsequently the absorption due to water increases proportionally. As illustrated by Figure 1, it is clear that the 
water transmission at higher wavelength becomes more pronounced for a decrease in the hemoglobin concentration 
of blood. In the wavelength range above the so-called therapeutic window region (600 nm to 1000 nm), water 
absorption greatly exceeds hemoglobin absorption. The device developed utalises three suitable wavelengths to 
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analyze the SpO2 and relative hemoglobin concentration change. Two of the three LEDs of the newly developed 
sensor system emit light in range the from 600 to1000 nm. This is the therapeutic window region, in which the blood 
absorption is dominated by the hemoglobin derivatives. An additionally 1300 nm LED is also utalised as at thie 
wavelength absorption due to water is dominant. In order to accurately calculate hemoglobin concentration, the 
wavelength of 1300 nm is chosen, which closely matches the absorbance peaks of water in blood. While the 
wavelength of 810 nm corresponds to an isosbestic point for absorbance of oxyhemoglobin and deoxyhemoglobin..  
3. Sensor System 
The Hemoglobin Sensor System (HSS) developed consists of a number of hardware modules, which include: 
appropriate light sources; receivers; a microcontroller and a wireless interface. In order to provide a long operational 
life on a single battery charge, a low power microcontroller: MSP430, was selected [3]. The microcontroller 
facilitates software controlled and time multiplexed operation of the light sources and receiver channels. The mean 
value of the receiver on-current, (when the emitters are on), is calculated and the mean value of dark current, (when 
the emitters are off), is subtracted to generate an accurate value for the intensity of the received wavelength. The 
intensity of the received wavelength is then transferred via the wireless interface, or over USB, to the processing 
platform. The processing and display software is written in National Instruments LabVIEW, and executes either on a 
Laptop or on a PC. The wavelength sources are three LEDs, with centre wavelengths of 1= 670nm, 2= 810nm and 
3= 1300nm. These LEDs are installed in the upper shell of a finger clip, while a single receiver photodiodes is 
installed in the lower shell of the finger clip. The on/off time of the LED currents is controlled by the 
microcontroller, thus effectively controling the intensity of the wavelength source. To detect the intensity of the 
transmitted signals, an Indium Gallium Arsenide/Indium-Phosphoride photodiode is used, which has a spectral 
range of 400nm-1700nm and can measure at all three wavelengths.  Figure 2 shows the sensor and a system block 
diagram.  
Fig. 2. Sensor and system block diagram 
4. Results  
,Q RUGHU WR HYDOXDWH WKH V\VWHP¶V SHUIRUPDQFH six in-vitro measurements were made using a flow model [4]. 
Hemoglobin concentration was systematically varied and the results correlated with measurements taken by the HSS 
non-invasive sensor. All the non-invasive measurements were compared with blood samples which were analyzed 
using a Blood Gas Analyzer (BGA). During the measurements the hemoglobin concentration was changed from 
13mmol/l to 3mmol/l with a constant oxygen saturation of 97 %. By comparing the invasively determined 
concentration of Hb with the non-invasively measured concentration it was found that there is a non-linear 
relationship between the hemoglobin concentration of blood and the calculated coefficients measured with the 
sensor device, see Figure 3. 
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Fig3a: Non-Invasive Hb measurement and BGA reference in-vitro measurements      Fig.3b:  Comparison HemoCue® and HSS 
After an empirically derived partial least-squares (PLS) calibration and statistical regression of the measurements 
the sensor was able to accurately measure the Hb concentration in whole blood, as illustrated in Figure 3a. Further 
calibration was conducted which involved fifteen male and twelve female volunteers. The calculated coefficients 
were correlated with invasive measurements taken by a HemoCue® system. The resulting calibration curves and 
results demonstrate that an online hemoglobin measurement device was feasible. To validate the calibrated system, 
blood from fifteen volunteers was analyzed and compared with hemoglobin readings taken by the HSS. The results 
are a show in the Bland-Altman-Plot in figure 3b and demonstrate a very high correlation. 
5. Conclusion 
The newly developed sensor system is able to measure the total hemoglobin concentration with just two 
wavelengths. Initial results for non-invasive in-vitro, and invasive in-vivo, measurement of the Hb concentration 
indicate the plausibility of accurately determining Hb concentration using the method described. 
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